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We have been exploring new reactions based on titaniumcatalyzed intermolecular hydroamination 2,3 using a selection of pyrrolyl-based ancillary ligands. In the course of previous studies, new protocols for the synthesis of hydrazones, indoles, 4,5 and R, -unsaturated iminoamines 6 have been discovered. In this paper, it is reported that the readily prepared, inexpensive titanium catalysts Ti(NMe 2 ) 2 (dpma) (A) and Ti(NMe 2 ) 2 (dmpm) (B) (Scheme 1) can be used in the monohydroamination of 1,4-and 1,5-diynes, which then undergo cyclization to the corresponding pyrroles. These pyrrole syntheses are an expansion of CuCl-catalyzed 1,3-diyne reactions with primary amines to generate similar products.
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The pyrrolyl-based catalyst Ti(NMe 2 ) 2 (dpma) (A), 8, 9 which has an X 2 L ancillary ligand 10 set (Scheme 1), has been examined for a variety of hydroamination applications by our group. The H 2 dpma ligand is prepared in a single step by a Mannich reaction between 2 equiv of pyrrole, 2 equiv of formaldehyde, and methylamine hydrochloride. 11 The most active catalyst known to date is the dipyrrolylmethane (1) For reviews see: (a) Gilchrist, T. L. J. Chem 12 In other words, the active species may be an X 2 ancillary ligand set. The H 2 dmpm ligand is readily prepared by condensation of acetone and pyrrole. 13 Initial investigations were based on the known cyclization of imino alkynes to pyrroles. 14-16 The intended reaction types are illustrated in Scheme 2. Using a 1,4-diyne, monohydroamination with Markovnikov selectivity would yield the 4-iminoalkyne, which could undergo 5-endo dig cyclization 17 to the pyrrole. Similarly, Markovnikov addition of a primary amine to a 1,5-diyne would generate a 5-iminoalkyne, which could undergo 5-exo dig cyclization.
An attempt to carry out the monohydroamination of 1,4-pentadiyne (1a) with 1 equiv of aniline was pursued using A as a catalyst. 18 The major product in the reaction had a mass consistent with double hydroamination of pentadiyne.
19,20 Data for the dihydroamination product matched that for an authentic sample of 2,4-bis(phenylimino)pentane (eq 1). This result suggests that the second hydroamination is faster than either the first hydroamination or the 5-endo dig cyclization.
It has been shown that hydroamination reactions catalyzed by titanium are sensitive to the size of the alkyne substrate. 4 Consequently, use of one internal alkyne and one terminal alkyne, or two internal alkynes on the 1,4-pentadiyne framework, should significantly slow the second hydroamination reaction relative to the 5-endo dig cyclization. As shown in Table 1 , this strategy has been successful and allowed the synthesis of substituted pyrroles from 1,4-diynes. For this initial study, benzylamine (H 2 NBn) and aniline were used most often as the amine substrates. An additional reaction with p-methoxybenzylamine (H 2 NPMB) was investigated with one substrate.
Markovnikov addition is observed almost exclusively with A as a catalyst when either benzylamine or aniline are used (18) Trace of a product having a mass consistent with monohydroamination was observed, but it is not known if it was cyclized to the pyrrole. to hydroaminate 1-hexyne. 8 Considering that the terminal alkynes used here are not very sterically or electronically different from 1-hexyne, the major product expected and observed in all cases where a terminal alkyne was present is due to Markovnikov addition. The anticipated 5-endo dig cyclization occurred readily with most 1,4-diyne substrates to generate pyrrole products. In many cases, a product with the same mass as the expected pyrrole and a different GC/MS retention time was observed, which was presumably the uncyclized hydroamination product.
When hydroamination of the unsymmetrical bis(internal)-diyne 1-phenyl-1,4-hexadiyne (1c) was attempted, entries 3-5 in Table 1 , the reactions were apparently regioselective and resulted in only one isomer of pyrrole. This is likely due to selective hydroamination of the phenyl-bearing alkyne. Hydroamination of similar substrates, e.g., 1-phenylpropyne, occurs with amination to the phenyl group, which is consistent with the observed regioselectivity for this diyne substrate. In addition, hydroamination of 1-phenylpropyne is generally more facile than hydroamination of dialkyl substituted alkynes, e.g., 3-hexyne. Consequently, it is likely that the regioselectivity for this substrate is due to kinetically favored amination to the phenyl group of 1-phenyl-1,4-hexadiyne (1c).
The titanium-based pyrrole synthesis of 3d provides an interesting example for comparison with current and progressing ketone-based methodologies, e.g., Paal-Knorr synthesis. Generally, unsymmetrical 1,4-diketones are relatively difficult to access in a short synthetic sequence. However, the diketone needed for the synthesis of 3d by Paal-Knorr and its reaction with benzylamine were recently reported. 21 The diketone was prepared using a novel Pdcatalyzed procedure from methyl vinyl ketone and benzylzinc chloride. Overall, 3d was available in 54% yield over two steps. Using the procedure of Verkruijsse to generate the diyne and titanium hydroamination, we prepared the unsymmetrical pyrrole 3d in the comparable yield of 41% in two steps.
The cyclization of the imine derived from 1-phenyl-1,4-hexadiyne (1c) was quite slow after the titanium-catalyzed reaction when the amine substrate was aniline. To finish the cyclization, Gevorgyan's procedure using 30 mol % CuI in the presence of triethylamine at 110°C was employed prior to workup. 16 Interestingly, the addition of copper for the cyclization was only required for 1-phenyl-2-benzyl-5-methylpyrrole (3c) formation. The benzylamine and paramethoxybenzylamine (PMB-NH 2 ) products (entries 4 and 5) cyclized under the hydroamination reaction conditions to provide N-benzyl-2-benzyl-5-methylpyrrole (3d) and N-PMB-2-benzyl-5-methylpyrrole (3e).
Unlike 1,4-pentadiyne (1a), hydroamination of 1,5-hexadiyne (2a), which also has both alkynes terminal, did not yield products from dihydroamination. Instead, the products observed are the expected N-substituted 2,5-dimethylpyrroles (3f and 3g). 22 This is likely due to the more facile 5-exo dig cyclization being faster than the hydroamination reaction. Unlike the 1,4-diyne hydroaminations, no uncyclized products were observed by GC under the reaction conditions. Even though the imine product was not observed in the hydroamination of 1,5-hexadiyne (2a), it is still likely that the imine is an intermediate. The relevant ketone derivative of this intermediate, hex-5-yn-2-one (4), was prepared according to the literature procedure. 23 Reaction of the ketone with aniline (eq 2) in the absence of titanium leads to formation of N-phenyl-2,5-dimethylpyrrole (3f) that is spectroscopically identical to the product of 2a hydroamination with aniline.
As mentioned previously, if the alkyne is substituted with one aryl group and one alkyl, the predominant product is generally due to amination to the aromatic substituent. Likewise, hydroamination of 1,6-diphenyl-1,5-hexadiyne (2b) 24 with aniline resulted in clean, high-yield formation of a single isomer, N-phenyl-2,5-dibenzylpyrrole (3h). 25 A few substrate combinations attempted did not result in successful pyrrole syntheses. Treatment of 1,6-diphenyl-1,5-hexadiyne (2b) with benzylamine gave no reaction with catalysts A and B. Considering the harsh conditions required for the aniline reaction with this diyne and that aniline reactions are generally more facile than alkylamine, the lack of reaction with benzylamine probably represents a limitation in the activity of our current catalysts rather than an inherent problem with the substrate combination. In addition, 1-phenyl-1,4-pentadiyne (1d) reactions with either aryl or alkylamines (Equation 3) did not give the desired product, which may be the result of facile oligomerization of this diyne starting material.
The cyclizations could occur though several different routes defined by disparate tautomers. However, the cyclizations are likely occurring through the Baldwin allowed 5-endo dig and 5-exo dig cyclizations, and it is unlikely that allene intermediates are involved. The reason for this is that the 5-endo trig and 5-exo trig cyclizations 17 required for the allene intermediates are disfavored. 26 Experimentally, it has been shown that 1-imino-2-alkynes require copper catalysis to cyclize, which has been suggested to occur through allene intermediates. 16 Consequently, we currently favor either an imine-yne or enamine-yne cyclization pathway for 1-imino-3-ynes. However, these details of the cyclizations are currently under scrutiny, including the possible role of titanium in the cyclizations. Applications of this new pyrrole synthesis based on alkyne hydroamination are currently under investigation. While Paal-Knorr is likely to be the preferable methodology in circumstances where the 1,4-diketone is readily available, it is hoped that this new pyrrole synthesis will complement existing procedures where unsymmetrical pyrroles are desired. Many unsymmetrical 1,4-diynes can be prepared in one or two steps from commercially available compounds and may be as or more accessible than the corresponding unsymmetrical 1,4-diketones in some cases. In addition, we are investigating the use of this new methodology in the synthesis of pyrroles where application of Paal-Knorr synthesis may lead to unwanted side reactions. For example, we are investigating the synthesis of R-vinylpyrroles using diyne hydroamination, which if prepared using R, -unsaturated ketones may have problems with interfering Michaeladdition side reactions. 27 
